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'L:: The form and content of this report differ from that of the semi-annual

(> d.progress reporta. Some matters are discussed here in greater dsteil than pre-
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-I yjously, and soms, the significance of which is slight, are omitted entirely.
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: < The primary objective of the investigator was to explore the relation

between environment and the metabolism of the mammale Attention has been directed
almost exclusively to two specific factors, temperature and altitude. Metabolic
manifestations have included: whole animal oxygen consumption, tissue respiratiocn
and the intermediary metabolism of fat and protein, To these have been added
certain other processes, indirectly associated with metabolism, in particular
reproduction.

This report is presented in a series of sections, each dealing with a

separate aspect of the entire study.

le The Eas exchang _g_g‘_ wild animals native __tg_ different environments

The existence of metabolic differences between races of humans or
animals has been subjected to two divergent explanations. According to the
first of these theories, genetic differences are possible in the sense that one
racial strain of the same species may show a higher or lower standard energy
production than ancther irrespective of any immediate environmental consideraticns,
According to the other concept, 8ll quantitative variation in metabolic rate is
a reflection of the influence of the local environment upon the individual, and
through the individual the group. We have attampted to test these hypotheses
in so far as one mammalian species is concerned by selecting representatives of

thres ecological types, or races, subjecting them to a reasonable period of
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adaptation %o a common enviromment, and then measuring the average standard
metabollsme

The species is Peromyscus manioculatus, the deer mouse, of enormous

range and cosmopolitan hatit. The three localities from which the specimens
were taken were respectively Berkeley, Tule Lake and White Mountain, all within
the state of California, The first principle guiding the selsction was geo-
grarhical remoteness, for each locality is separated from both the others by
several hundred miles. It could therefore be presumed than any differences in
standard metabolism would be referable to a fixed and stable population., Ine
deed, that each population represented a distinct strain appeared probable by
virtue of deviations in length and color of the fur and the relative shapes

and sigzes of the ears, tail and head.

The second principle gaiding selection of lecality pertained to the
quantitative differences in two critical envirommental factors, temperature and
altitude, both of which might conceivably alter individual or group metabolic
rates. The Berkeley environment extends from sea level to an altitude of 1,500
feet and the snrmal temperature range is from approximately 30 tc 60 degrees
Fahrenheits We have therefore no serious stress exerted upon the animals with
reference to either ambient temperature or oxygen pressures At Tule Laka the
altitude is very close to 4,000 feets Thus, even though the oxygen pressure
is somewhat less than at Berkeley, the difference is not sufficient to constitute
a critical factor from the physiological point of viewe At the same time, the
annual temperature range is much greatar, In the winter, the thermometer drocpas
frequently below O°F, whereas in the summer the temperature approximates that
of Berkeley. A temperature stross with no appreciable deficiency in oxygen is
thus presente The third group was taken from an elevation of 12,500 to 13,000
feet at the crest of the White Mountain Range, just east of Bishop in the Owens
Velley. The chronic hypoxia due to high elevation is severe while the tempera-
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ture throughout most of the year ranges from near LO degrees to below zero
Fahreaheit. A very great stress due to both causes is hence unavoidable.

The mice were caught with simple can trapss A totel of 9 femalea and
18 males were caught in the Berkeley area, 20 females and 1l males near Tule
Lake, and 1l females and 21 males at White Mountaine After capture the mice
were brought into the laboratory in Berkeley and established in regular
laboratory cages. All the animals received the same food, the so-called
®green diet" used successfully with laboratory rats and mice by the Institute
of Experimental Biology on this campus.

Oxygen consumption waz used &3 ar index to metabolic rate. Measure-
ments were made by means of a modification of the manometric technique as
previously described by Cook, et ale. (1950).

Unavoidably in dealing with whole-animal metabolism as described,
the degree of physical activity constitutes the principal source of randoem
error. If we are to conserve the semblance of atandard metabolism (since,
of course, with such organisms we cannot achieve a clinically basel cordition),
the use of an anaesthetic, or other chemical agent is prohibited. On the other
hand, it is isgitimate to restrict the scope of muscular action by any means
which does not operate upon the biochemical level. We have, therefore, uni-
formly placed each mouse inside a small cage made of fine gauge wire 8screen
prior to introduction into the respiration chamber. The effect is to restrict
wide movements without imposing uncomfortable constriction.

The experimental data in detail showed, as would be anticipated, a
tendency for the total oxygen consumption to increase with size of animal
and for ths oxygen consumption per unit weight to decrease correspondingly.

It might therefore have been preferable to express metatolic rates as a function
of the body surface, or as a power function of the body weight as has been
recommended by Kleiber (1932) and other investigators. On the other hand with
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cne exception the average welghts of all the groupz of mice were very close to
each cther and ths tpread of individual weights within each group was very

narrowe Indeed, preliminary calculatione made it clear that very little would

be gained by an attempt to eliminate weight differerces by mathematical procedires.

The mean values for oxygen consumption are in agreement with the general
range of values shown by measurements on wild mice of comparable weight as
reported by Morzison (1948) and Pearson (1948). However, of special importance
to the present study are the distinct differences of metabolic rate seen in the
three populsations whsn measured under standard conditions. .

The populations from Tule Lake and Berkeley show a mean oxygen con-
sumption higher than that found among the White Mountain mics {see tabdle 1)e.

The differences are highly significant since the t values, or the Critical Ratios
of the means, range from 3.1 to 6.5« At the same time, there is no significant
differsnce in weight between populations of a given sex with the excaption of
the females from Barkeley. The latter group, to be sure, differs widely in
metabolic rate from the females from White Mountain bhut the statistical aig-
nificance of this difference loses its force sincs ths Berkeley femeles are
considerably smaller than those from White Mountain, and one might easily
attrilute the metabolic difference to the disparity in sise. That the sigze
here is the responsible factor is borne out by the fact that the oxygen consumpe
tion per unit weight of the Berkeley females is also much in exceass of that of
the Tule Lake females.

With respect to the six groups as a whole, however, the data indicate
that the White Mountain mice tend to show a lower metabolic rate than those from
elther of the other two localities.

That metabolism may vary among speciss of small marmals is indicated
by the work of Morrison (1948), Katfield (1939), Benedict and Lee (1936),

Lee (1939, 1940) and Benedict and Potrik (1930)e Pearson (1947, 1948), having
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noted that between species of the same weight range there may be widely varying
rates of metabolism, took the view that ths metabolic rate ia not alosely
sssociated with taxonomis, ecoliogical or anatomical factors. Such inter-
specific variations have, however, been atiributed to the characteriatics of
the diet by Wu and Chen (1929) and to genetic influence on body zigze by

Kleiber and Cole {1350).

The present, study, which uses statistically adequate mumbers of mice,
indicatca clearly that metabolic variaticns may exist within one species when
the latter is segregated according to geographicel races, even though the latter
fall within the same weight range. The lower metabolic rate found in White
Mounvain mice, aa pointed out previously, cannot be ascribed to difference in
weight betwsen the specimens from this race and those from the races inhabiting
the areas of Berkelsy or Tule Lake. Furthermore the racial distinction per-
sists even after all three groups have been maintalned under cornditioris as
nearly identical as possible for a period exceeding two montha.

Several factors might be invoked as explanation for the lower standard
metabolism of the White Mountain population. One of these might partain to the
average, or over-all level of physical activity displayed by the three grcapae.
The influence on metabolism of consistent variation in activity during the
determinations of oxygen consunption was emphasized by Benedict and Riddle
(1927) with steers and by Benedict and MacLeod (1929) with rats. These
investigators found that a minor degree of activity is in general without
offect upon metabolism, but repeated, intermittent activity may induce an
average increase of 15 to 20 per cent increase in metabolic level, iiore
recently Morrison (1948) has shown that a difference of 70 t¢ 90 per cent
exists between the minimum and maximum oxygen consumption of Peromyscus.

The minimum occurs during the daylight hours, during repose and the maximum
at night, when the animals narmally become most active. Ir our experiments the
b
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random fluctuations in oxygea consumpticn induced by rapid, casuel and un~
predictabl.e chenges in physical activity were cancelled out by the use of long
exposure periods in the respiration chamber, restriction of movement during the
experiment, and the employment of a reasonably large mumber of individual mices
Secular, or diurnal shifts, in exercise and hence in metabolic rate were obviated
by measuring the gas exchange always during the same six-hour pericd, from 9 A.M:
to 3 ‘P.N. With respect to the three strains of Per cus, no systemmatic and
sustained difference in activity level could ever be detected.

In the case of any study with wild animals ths ages of the individuals
are not knowns That the basal metabolism of humans decreases with ege has been
pointed out by many investigators, for instance Harris and Benedict (1919). A
similar fall in metabolism with advancing age has been noted with rats by
Mitchell and Carman (1926) and Davis (1937)e Despite a contrary opinion
expressed by Benedict and MacLeod (1929), the view has been generally accepted
that thure is a reduction in metabolism as the animal grows oldsres Whethor the
age factor was of significance in this inveatigation of Peromyscus cannct be
stataed with certainty, for the possibility is present that the population
samples may have bean drawn in such & way as to show unintentional biss with
respect to ages On the octher hand, no such effect is readily detectable, and
variation due to this factor was minimized by employing animals vhich were
clearly adults as determined by hair color end body weight.

Other potentially disturbing factors are season, environmental tem-
perature at the time of measurement, and sexe¢ These can be ruled out since
the tesperature surrounding all the groups was identical from the time that
they were rought into the laboratary, since the cxygen consumptions were all
determined at the same time of year; and since the sexes were segregated as
shown in the tables,

Thars remain, a3 possible determining factors, the features of the
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environments from which the various animsla were drawn. When thcse are
examined there is found one atrikingly distinct environmental condition which
pertains specifically to the group rative to the White Mountain area. All the
White Mountain animals used in this study were trapped at an altvitude of from
12,500 to 13,000 feet, indicating that in their native state they were the
only group of the three investigated which had been subjected to conditions
of hypoxia, The central questions which arise in this cormection are whother
the low metabolic rate desmonstrated by this race at low altitude is character-
jatic of the race at high altitude, and if the low metabolism is ar adaptation
calculated to increase resistance to reduced oxygen tensions. It must be con-
ceded that no categorical answer can be given at present to these questions.
Numerous investigations have been carried cut, relative to the pos-
sible effect of hypoxia on the over-all oxygen consumption of mammals. Many
of the available reports indicate that the oxygen consumption remains un-
changed during adaptatione Recent evidence supporting this point of view has
been brought out by Lipin and Whitshorn (1950), Houston (1946), Houstori and Riley
(1947) and McCrery et ale (1943). On the other hand Blood et ale (19L8), Kottke
et al. (1948) and Sundstroem and Michaels (1942) have shown that one of the first
rcsponses made by mammals when they are subjected to hypoxic conditions is a
reduction of body temperature and respiratory gas exchangs. The problem, there-
fore,must be regarded as still awaiting final solution. In the present instance

the data clearly indicate that White Mountain Peromyscus maniculatus, when

studied at low altitude, show a low metabolic rate in comparison with other
strains of the same species,

We can furnish no unequivocal clue to the physiological mechanism
which is responsible for the ovssrved low metabolic level. Nevertheless at
least two reasonable hypotheses may be mentioned.

In 1932 Kleiber disoussed what he called the "spscific insulation® of

-7




an animal, by which he referred to the length and thickness of the hair in the
pclages The White Mountain mice have fur which is definitely longer and thicker
than that characterizing the Tule Lake or the Berkeley animals. The healt loss
of this race is consequently less than that of the other two races under com-
parable conditions of cold and hence they would require less oxygen to maintain
body temperature. This featuxre might be beneficial under the extreme winter
conditions at the sumit of the White Mountain range. That this is a reasonable
suppositicn would be implied by the work of Sumner (1932) who cited many cases
in which there is a natural selection of races of Peromyscus by virtue of a
distinctive pelage closely adapted to the native environment.
In opposition to this theory, however, stands the fact that the mice
from Tule Lake showed the same moiabolic level as those from Berkeley, but a
higher level than those from White Mountain. The winter temperatures at Tule
Lake are of the same general degree of severity as those at White Mountain
although the scason of cold weather does not last as long. Hence to ascribe
the metabolic difference to the temperature factor leads to a serious incon-
sistency.
The alternative suggestion is that altitude is ths critical factore.

If so then we must assume that the low oxygen tension characteriging the racial
environment has in some mamer induced 4 reduction of metabolic rate and that
the difference betwcen strains reflects a biochemical and tissue modification.

Concerning the naturs of such & modification we have as yot no information.




Table 1

Average values for oxygen consumption of three strains of Peromyscus, Berkeley,

Tule Lake and White Mountain, The sexes are shown separately.

0, Consumption, per
Animal per hour

0, Consumption, por
gran per aour

Males

White Tule
Mt. Take
6L.8 7546
2449 2485

Bark=
eley

73.2

2489

LMad & n
AL VO

Mt.

6L+6

2058

Femalos

Lake  eley
72.8 7.1
2 095 3 .33
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2. The gas exchangs of laboratory mice with reference to temperature
and altitude

Male mice of threc different strains were exposed for periods of 70
to 90 days to ambient temperatures of L° and 35° C, Periodically the animals
were returned to the comfort sone (23° C) for approximataly 6 houra for the
purpose of measuring metabolic rate. Parallel measurements were made in all
cases on groups of similar animals which had been kept for equivalent periods
at 23°, Oxygen consumption and carbon dioxide production were determined by
the modified manometric technique desoribed in Section 1 of t™is rsport.
Different strains of mice wore used in order to improve the statistical validity
of the entire experiment and to detect possible variations on the intraspecific
level. The essential data are given in Table 2.

With the Swiss and the C3H strains the animals altered their energy
intake in the directicn of the environmental stress and emerged with body weights
aimilar to those of the control groups. That the energy intake was thus altered
was shown by the fact that the mice in the cold ate neurly twice as much as the
controls, but those in the heat ate only slightly more than half as much.
Nevertheless the oxygen consumption and carbon dicxide production in the ex-
posed animals showed no significant difference from that determined with the
controls¢ The gaseous metabolism therefore followed body mass, or sise, rathar
than total food consumption.

This conclusion appeared to be borne out hy the anomalous behavior
of the A=strain, The animals of this type which were exposed to a temperature
of LOC for 88 days consumcd an average of L3 grams of food per mouse per day,
as compared with 3.5 grams for the control groups On the other hand the mean
body weight of the low-temperature animals was 22,7 grams as cpposed to 27.1
grams for the controls. <The higher rats of gas exchange of the former mice thus
appears tc be associated with the smaller body size.
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On the whole these experiments, plus othcrs which are not reported
in detail, a&ppear to indicate that adaptation to low or high temperature is
not accompanied by any marked change in whole-body gas axchange, except that
which is imposed by nutritional and size considerations.

In order to assess the possible influence of altitude on the whole-
animal metabolism a set of measurements was carried out using a small de-
compression chamber. Two lots of from 15 to 20 male Swiss mice were estab-
lished in cages and fed standard laboratory diet in the usual way. One lot
was retained under ordinary laboratory conditionse. The other was placed in
the decompression chamber, and except for feeding every third day, wes per-
mitted to remain continuously at a simulated altitude of 16,000 feet.

At the end of thirty days, and at intervals of a few days each

l thereafter, the mice in the chamber were removed and their oxygen consumption

measured by the manometric method. Simultansous measurements were made with
the control groups For each gronp a total of 182 determinations was thus
obtained. The mean value for the mice under decompression was 3.23 ml. O3
per gram mouse paer hour, and thet for the control animels 3,35 ml. Op. The
value of t, or the critical Ratio of the means was 1,875, which, for 1682
degrees of freedom, places the probability of a real difference close to the
5 percent level. There is some indication, thevefore that low oxygen pressure

may be associated with a reduction in over-all metabolic rate.




Strain and

number of

determinations Exposure
Swiss (48) 1s0€-73 days
Swiss (U48) Control
Swiss (18) 35°-71 days
Swiss (L8) Control

C3 H (L2) li°-80 days
C3 H (36) Control
A-strain (48) 4°-88 days
A-strain (LB) Control

TABLE 2
Mean body 02 consumpe CO2 prode
weight in in in
gans nl/gm/hr. nl/gm/hr.
3148 2474 1.94
33.1 240 198
29.1 2.49 1.91
3245 2,60 198
3245 2.65 181
32.1 2457 1.72
2247 3498 24l
271 -+ 2490 192



3+ Tissue respiration with reference to temperature and altitude.

The magnitude of the metabolic gas exchange of whole animals is
subject to modification from numerous sources: body slze, nutritional state,
muscular activity and others. A much better base of stability is attained by
the individual tissues, of which the liver furnishes a convenient amd rep-
resentative example. Consequantly the attempt has been made to discover any
alterations in respiratory metabolism of liver slices in vitro, using the
mouse as the test animal. In some cases diaphragm was also employed.

Measurements have been confined to oxygen consumption and have been
made by the conveniional manometric techniques with the Warburg apparatus,.

The effect of temperature stress has been studied with several

series of animals., For various reasons most of the early attempts suffered
from technical inadequaciee, Hence only the final results are here described.

Two strains of mice have been employed up to the present time, the
Swiss and A strains. With each type two tissues were investigated; liver, and
striated muscle from the diaphragm, Each tissue was taken from animals which
had been exposed Lo extensive periods at ambient temperatures of respectively
4° and 33° C, For each experimental group the tissue oxygen consumption was
measured in a parallel group of animals maintained at approximately 23° c.
Each greoup, experimental or control, contained approximately 20 animals,

The data are summarized in table 3,

It is evident fyom &n inspection of the table that there is very
little effect induced by exposures to heat or ccld up to 120 days. In only
two cases (Swiss, diaphragm 120 days at 4° and A-strain, liver, 13 days at L°)
were the differences between the experimental and control sets of animals
statistically significant. Since those two cases showed opposite effects to
be inducad by cold it is clear that little reliance can be placed on them,
There ie some possibility that a transitory increase in oxygen consumption
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may occur during the period of adaptation to cold, that is during the first few
days of exposure, but this point has not as yet been settled. No permanent
alteration appears to take place.

In view of the apparant difference in whole-animal metabolism be-
tieen the wild mice taken from White Mountalr and those living at sea level
we wishad to check the possible influence of altitude, or hypoxic stress on

tissue respiration. Accordingly a group of male Swiss mice were placed in a
decompression chamber at a simulatsd altitude of 16,000 feet, and & control
group was kapt at sea level. After an exposure period of 20 days represen-
tatives of both groups were sacrificed at intervals and the Qps of the livers
determined manometrically. 21 control aninals were used and 23 experimentals.
The mean Qq, for the former was 8.45 and for the latter 7.74. The value of

t for the two means was 5.17, a level which is highly significant.

It will be remembered that Peromyocus from White Mountain showed a
lower whole animal oxygen consumption than did representatives of the same
species from Berkeley and Tule Lake. Laboratory, Swiss-strain, mice yielded
a 8lightly lower value for whole animal consw.ption if exposed to a chamber
altitude of 16,000 feet. Liver respiration under similar conditions showed
a definite reduction. From these experiments therefore there is some reason

to suspect that hypoxic stress may in some marner lowe» metabolic rate.
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Strain

Swiss
Swiss
Swiss
Swiss
Swiss
Swiss
Swiss

Swiss

TABLE 3

No. of days of exposure

13 days

at 4° (liver)

LO days at LO (liver)
120 days at L4° (1liver)

LO days

at 4° {diaphragn)

120 days at 4° (diaphragm)

LO days
4o days
LO days
13 days
L0 days
LO days

4O days

at 4O (heart)

at 33° (1iver)

at 33° (diaphragm)
at 4° (liver)

at L4° (1iver)

at L4° (diaphragm)

at 33° (liver)

Mean

Control

5463
6.87
6446
7.50
5eli5
2033
7466
6402
5420
€435
6.68

6.01

Expt.
5492 049354
6459 07079
6452 041714
7.30 04,2816
3.68 342777
2439 0.210i2
-7+53 0.3227
6.l 0.6L6L
5494 3.5238
6.6l 047250
6.8 0.3783
6416 0.6000
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Le Fat storage as a function of environmental temperature.

In addition to enargy production we regarded it as desirable to
study the influence of temperature stiess upon the material metabolism of
certain body components, in particular fat and protein. With respect to fat

it was deemed worth while to reinvestigate the quantity and distritution of
the body fat of the laboratory rat and mouse subsequent to exposure for
several weeks to high and low ambient temperatures.

In the experiments involving rats the 1ipid was extracted separately
from the skin, liver and carcass of each animal. This was accomplished by
digestion and saponification of the tissue with an alcoholic, 30 per cent
solution of potassium hydroxide, acidificaticn with sulfuric acid, and sub-
sequent extraction with petroleum ether at 25° C. The ethereal solution was
washed repeatedly with distilled water. Finally the petroleum ether was
removed by distillation on a steam table and a conatant weight of the lipid
was obtained. No attempt ~as made to dehydrate; the lipid was kept in a
cool, dark drawer and allowed to come into equilibrium with the moisture in
the air. The data presented for mice were secured by the same general method,
with the exception that each. animal was digested in toto and no attempt was
made to partition the fat from various regions of the body.

Melting point determinations of the rat lipids were secured by
attaching a capillary tube containing a representative sample of lipid to the
bulb of a thermometer and gently heating the bulb in acid. Despite the
criticisms of Schmidt and Nielsen, Acta Physiol. Scand. 123110 (1946) the
most reproducible results were obtained by observing the clear point and ex-
pressing this as the melting point of the lipide It i8 recogniged that these
values are from 1 to 3 degrees higher than the true melting poixnt.

The individual experimental procedures and results are herewith
described.




Mice, series A. Table L gives the data obtained from an initial
series of white mice, "A strain"”. Aall of the animals were maintained on stock
diet and were divided into three groups of six individuals each. The first
group was kept for two months at a issperature of 23° C and is regarded as the
control group. The second and third groups were similexly exposed to tem-
peratures of 35° and L respectively. At the end cf the two month period
all the animals were sacrificed and the total 1ipid determined, the values
in this case being expressed as tripalmitin equivalents per 100 grams animal.
A laboratory accidsnt destroyed some of the animals; hence we have data for
six mice at 23%, four at 4° and two at 35°, The results indicate a fat con-
tent greatest in the animals kept at 35°, intermediate in those at 23° and -
least in those at 4°.

Hice, series B. The data obtained from female, A-strain, white mice
are shown in table S. For this test we used two groups of animals, four kept
at 4° ¢ and five kept &t 35° C. The exposure period was six months. The
data are expressed as total lipid and as lipid per grem animal. The entire
carcass of each animal was digested and analyzed as a whole. There is a clear
difference between the two groups; the animals exposed to heat contain con-
siderably more total 1lipid than those exposed to cold.

Rats, series A. Table 6 includes data relative to lipid dis-
tripution in thrae groups of female rats (Long-Evans strain). The first
group was exposed to a temperature of 4° C (5 rats), the second to 23° C
{6 rats), and the third to 35° ¢ (5 rats). The exposure time was four montha.
The results indicate that the rate kept at the lowest temperaturc contained
the least total fat, whereas there was little difference between those kept
at 23° and 35°. For the carcass, skin, and liver lipid the data are similar:
little difference between those kept at 23° and 35° with a considerably smaller
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quantity found in the rats exposed to low temperature.

The determination of melting points was performed on three samples
from each lipid extraction. Furthermore two determinations were secured from
cach sample. Only smail variations were detected in extractions which had
been kept for a week or more in the laboratory. This was interpreted as
avidence that there was no general rancidity in the extracted products with
correspnnding formation of peroxides and changes in the saturation of the
1lipid.

Table 6 contains the data pertaining to melting point determinations.
The carcass lipid of the cold group had a melting point slightly below that of
the control group and the latter had one just below that of the group kept
in the heat+ However, there is no significant difference in the melting
points of the lipids from the skins The liver lipids from the group at high
temperaturse appeared to have a slightly lower melting point than those from
the groups at lower temperaturess These differences are all of very low
megnitude and there is serious question whether they possess any real
significance.

Rats, series B. Three groups of six male rats each werc cxpcsed
for five moaths to the same temperaturcs as were used for the preceding sets
of animals. The same portions of the animal body were analyzed for total
lipid and for melting point as with the rates in series A. The results are
shown in table 6: The total fat, carcass fat and skin fat were at their
maximum in the rats exposed to heat, and at their minimum in those exposed

to cold, with intermediate valucs in those maintained at 23° C. The level
of liver fat was almoat identical in all three groups. With respect to car-

cass fat there is an apparent corraspondence between the melting point and the
temperature of exposure, although the mumerical differences between the mean
values arce not large. The trend of melting poin¢ with temperature is sub-
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stantially the seme in both the female and thc mals rats, insofar ag carcass
fat is concerned. The values for skin and liver lipid are of the same order
of magnitude in series B a8 in series A. Furthermore, as in the latter seriea,

there is no detectable influsnce on the part of temperature.

TABLE L
Lipid content of individual male mice exposed for two months to
three different temperatures. Results are in tripalmitin equivalents per
100 grams animal.

0.34 0437 0.7
0630 040 0.51
0.4l OJi1

0 .bO 0 05'.1 mean O o'.l9
0436

040 mean 0.43

mean 0637

TABLE S
Total lipid content of individual female mice exposed for six

months to temperaturss of 4° C and 35° ¢,

K2 35°
“grEmE g IIpraper grams grams Lipid per
lipid gram animal lipid gram animal
1.941 0.,0880 3435 041520
2.343 0,0920 3707 0,1620
1.8%0 0.08%0 3,037 0.1420
: L 260 0,1810
24238 0,0955 3.485 0.1554 mean
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TABLE 6
Percent of fat and its melting point in the whole animal, carcass, skin and
liver. Exposure to thres temperatures for four months. Each group consisted
of eithar five or six rats., The change in weight is given as percent increase
or decreass throughout the entire exposure periode The food consumption is
expressed as average grams of food per gram rat per day. The fat is expressed
as percontage by weight at the end of the exposure period. The melting point
is in degrees centigrade.

Tomp . Food Welght Percent of Iat 1n wholie Melting polnt
Change carcass skin liver animal carcass skin liver
A FEMALE RATS
N OLLS 4 3.37 10,60 8.0L 2040 5.3 27 29 k2
(o]
23 0531 #5,38 12,70 9.78 255 LS8 30 31 LS
359 0971 - 2,22 6485 LoBL 1T 2466 32 29 I8
B MALE RATS
L° 0619 #6643 9473 6467 2046 Le28 25 25 L
23° 0762 £ 62 700 L9 15.2  L.50 29 27 Lk
35° 1070 #52.5 5.8 3.27 11,7 L7 32 25 k2

The observations just described, pertaining to four completely
different series of rats and mice agree in demonstrating that the total fat
content of the animals varies inversely with the ambient temperature to which
they are exposed for long periods. Less clearly the same trend is present
in the carcass and the skin lipids and there seems to be no association be-
tween temperature and liver lipids. The explanation is reasonably straight-

forward. The fat derived from the diet is put to two primary uses: it may
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be oxidized to supply energy and it may be stored subwutaneously for in-
sulation: In small mammals kept at & high environmental temperature there is
little if any need for insulation; hence no uwnusual storage is necessary in
the skines On the other haid the energy requirements are low. The fat ob-
taincd with the food must thersfore be stored, aven though it is not im-
mediately required either for insulation or caloriese At a low temperature
lipids are cssential for both these purposes. There ariscs thus a conflict
of interest, regardless of the over-all magnitude of the lipid intake. From
the results it is clear that the noed for calarius through combustion of fat
is mofe pressing than the need for lnsulations Perhaps it might also be in-
ferred that the deastruction of fat, with an accelerated production of hoat,
is more effective for maintaining body temperature than the conservation of
fat, with an augmented retention of heat. This point of view is reinforced
by consideration of the total dietary intake of the experimental rats. The
male rats at 4° consumed an average of 106.8 mgs of food per gram rat per day,
those at 23° consumed 76+2 mg. and those at 35° consumed 61.9 mg. The con-
sumption by the females was similar. It is cvident, therefore, that cven in
the face of almost double the fat and carbehydrate intake the rats exposed to
cold store lsss and burn relastively more of the available lipid.

The data for the melting points of lipids in the carcass and skin
of male and female rats are paradoxical. They show a moderate tendency for
the melting point in the carcass to increase with rising ambient temperature,
but no such tendency in the skin. If the melting point of the fat is de-
termined in any degree by thc actual temperaturs of the body at the region
where the fat is deposited then one would anticipate a variation of melting
point with temperature of the skin, which is readiiy influenced by the ex~
ternal temperature, but not in the carcass where temperature is maintained
at relative constancy regardless of external conditions. Similarly no effect
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can be detocted in our arimals which could be ruferred either to the prescnce
or absence of swoat glands, or to chronic vascular states, such as dilation
or constriction of small vessels in the skin. It is, of course, possibls
that the rat and the mouse are of such small size that the temperature
differences with depth do «aot correspond to those present in larger animels
such as were invuastigated by Henriques and Hansen, and Schmidt and Nielscna
If this is true then our experiments should be repcated using animals of

greater size. -’

5« Nitrogen metabolism

The following uxpuriments were designed to (a) gain detailed in-
formetion on thu nitrogen metabolism of animais axposed to heat or cold and
to (b) determine the influence of the testes and the thyroid on nitrogen
metabolism as modified by temporature., This information was correlated with
changes in body weight. For the purposcs of the experiment groups of adult
male rats (Long Evans) were subjected to three experimental temperatures;

L° C, 23° C, 35° C and periodic urine collections were made during & 50 day
interval, At all times the animals were fed a high caloric diet, rich in
vitamins and minerals, but low in protein (5% casein). The urine of the
experimental animals was analyzed for total nitrogen, urca, ammonia, allan-

toin, creatinins, creatine, and uric acid.

2. Normal Rats: Those animals exposcd to cold consumed more food than the
controle The hot group consumed less food than the control. All animale
continued to gain weight, but those animels exposed to cold exhibited smaller
growth rates.

Cold animals showed (sece Tabls 7) increascd total nitrogen ex-
eretion, increased urea excretion, increased allantoin excretion, increased

creatinine excretion, increascd creatime excretion, and an unchanged ammonia
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ard wric acid excretion. This was accomplished by excreting a urine con-
cchtrated in urea and croatine, but dilute in amnonia, allantoin, creatinine,
and uric acid.

Hot animals showed decreased total nitrogen excretion, decrsased
ures excrotion, increased ammonia excretion, and an unchanged allantoin,
ercatinine, creatine, and uric acid excretion. This was accomplished by
excroting a urine dilute in erea, allantoin, creatinine, creatine, and uric
acid, but cqually concentrated in ammonia.

be Oastrated Rats: Those animals exposed to cold consumed more food than

the control. The hot group consumed less food than the control. All animsls
contimied to gain weight at similar rates.

Cold animals showed incrvased total nitrogen excretion, incrcased
urea excretion, increascd allantoin excraetion, decereased ammonia uxcretion,
and an unchanged creatinine and wric acid excretion. This was accomplished
by excreting a urine concentratod in urea and allantoin, dilute in ammonia,
and unchanged in creatinine and wric acide

Hot animals showed & decrcase in total nitrogen exerction, a de-
crease in urea sxcrstion, a decrcased ammonia excretion, increascd ecreatinine
excretion and an unchanged allantoin and uric acid excretion. This was ac-
complishcd by excrsting a urine dilute in urea and ammonia concentrated in
creatinine, and unchanged in allantoin or uric acid. The castrated groups
showed no creatine excrction.

ce Th¥roidectomized Rats: Thosc animals «xposed to hsat consumed less food

than the controle All animals lost wueight at similar rates,
Hot animals showcd a decreassd total nitrogen excration, a decrcased
ureca excration, a decreased creatinine excretion, a decrcased uric acid ex-

cretion, and an unchenged allantoin, ammonia, and crsatin excreetion. This was

accomplished by excreting a urine dilute in urea and uric acid, concentratcd
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in ammonia and allantoin, and unchangud in creatinine and creatine.

As manifosted by changes in food consumption it is clear that ex-
posurc to heat or cold does alter the energy requirements of the rat., When
plotted against temperature, nitrogen consumption and total nitrogen excretion
show a typical linear regression. With respect to the various nitrogenous con-
stituents of the urine, it is to be expected that the gquantitative amounts ox-
craeted when plotted against temperature will show simular regressions provided
£hat they are also contingent on an energy or nutritional level. Thus, from
the data it is evident that urea, allantoln, and creatine excretion are dep=-
endent on the food consumption at a given temperature. Ammonia excretion on
the other hand shows a cormplex relationship evidently due to the influence
of mere than one factores Creatinine and uric acid show only slight modi-
fications duc to temperaturs stress.

There appear to be definite shifts in water metabolism as judgod by
the data on urine concentrations and shifts in acid base balance as Jjudged by
ammonia excretion.

We can conclude that adaptation to heat or cold is contingent only
on the satisfaction ol the energy ruquirements of the rat and not dependent
on the qualitative ar guantitative excretion of substances in the urine, nor
is it dependent on the endogenous nitrogen metabolism of the rat.

The changes in the metabolic pattern doc not appoar to be entirely
due to hormonal alteretions. Changes in muscle tone could satisfactorily
account for changes observed in the cold grcoups Decrease in total activity

appears to be raesponsible for changes observed in the hot group.
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Temperature and nitrogen metabolism,.

of nitrogen per rat por day.

TABLE 7

All figures are in milligrams
N- normal rats, C~ castrated rats, T- thyroid-

ecbtomiged rats. Temperatures are thoss at which the animals ware exposed;

Nitrogen consumed
in the diet

Totel nitrogen

excreted

Urea nitrogen
oxcreted

N C T

N ¢ . T

N c T

4° 105 Led0  =- 1624 1e30 = 0695 1410 ==
23° 0.65 0o54 Oul9 0,59 0469 0450 0.9 0455 Oukd
35° 0,50 0435 031 0.2 0.7 0433 0e35 0438 0.23
Ammonia excreted Creatine excreted Creatinine Excreted
N c T N c T N c
4° 0,040 0s02) = 04016 04000 == 04,0l 0,01 ==
23° 04040 0,077 0,068 04008 0,000 04003 0,011 0.012 0.006
350 04058 04054 04069 0,007 04000 0,002 0.012 0,012 0.005
Uric acid excreted Allantoin excreted
N c T N c T
L° 0031 0025  —= 0,062 0,057  =-
23° L0032 40022 40008 0,048 04038 0,018
350 0032 L0022 L0007 00Ul G035 04018
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6. Effocts of environment on reproductive physiology

The program of work consisted of several parts, cach essential in
coordinating various phases of knowledge for a more complete understending
of the affects of tho environment on reproductive performancas
a. Consistant live trapping in natural habitats with particular emphasis at
12,000 feet end 4,000 feet.
be Establishment of outdoor cages at each of theso two elevat.ons in order to
more closely study bresding activity of local and transposed animals.
¢e Short term experimental projects in small outdoor cages designed to test
various hypotheses of reproductive regulation,

d. Correlation of informaticn from cach of those three sources to establish
certain principles.

White Mountain station was selected as the site for these experiments
since changos in elevaticn of 8,000 feet occur within a fairly small area.
There are several mammals which range between the extremes of these elevations
and several others which are restricted tc dofinite elevation boundaries. The
disposition of the latter, however, secm more determined by the nature of the
habitat than by any direct relationship to elevation per se. Peromyscus
maniculatus was chosen as the experimental animal because their numbefs are
continuous between the floor of the Owens Valley a% 4,200 feet and the top
of White Mountain at 14,200 fect. Since thae whole population within this area
ig in reproductive continuity all individuals must be of the same species, [t
ie quite unlikely, therefore, that any differences in reproductive performance
at different elevations would be of a genetic difference since there is not
sufficient linear distance to act as a substantial barricr to intercommuni-
cation. Movement is sufficiently small for any one individual within its life~
time, however, that any animal wild trapped had almost certainly spent its
life within a few hundred yards oi the spot, Any effect that the environment
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might have on the reproductive porformance of thuss animals would show up
differently in different areas since it would be able to act in any area
throughout the life time of any animal.

Live trapping was conductod at regular intervels threughcut the year
near Bishop and whenever possible nearthe upper laboratory on White Mountain
at 12,000 fect. Trapping was done by can and multiple catch trap, both of
which proved very successful. Althcugh a few animals could te found under a
wide range of habitats, concentrations could be found only in more specialised
habltats. These were along permanent waterways in the Qwens Valley and among
vaegatated rock pilss atop the mountaine

From the first trappings on White Mountain in carly July, 1952, all
mature animals were in full breuding condition until late September of ithat
year. On the basis of pregnant females taken that summer and from a count of
placental scers in others, the averagea .calculated litter size for that ole-
vation is 7i6, while the litter size for the Bishop area is only Se.3. Numbers
of corpora lutea of pregnancy in all examincd were found to be identical with
the numbcr of implantations. Concurrent trepping at intermediate elevations
between the two principal sites showed a cline wherein animals entered re-

productive quliescence at successivaly later dates with decrcasing altitude.
About October first nearly all Peromyscus ms above 12,000 feet had become

quiescent while by mid-October those at 10,000 feet wera Jjust going out of
conditions All of these animals remained quie.scent until about mid-March and
remainad in full condition through May with litters beginning te appear only
toward ths end of this pericds At );;200 fest at least some animals could be
found in full condition through the entire fall and winter. A transition to
partial quiescence, however, could be seen over a short period of time in
Decomber when no litters were obscrveds All animals below about 8,000 fect
returned to full bresding condition in early Fabruary, produced litters over
28
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a period of one month, and thon went out of condition in mid-March with no
further reproductive activity through Mey.

This becomos & most perplexing problem if we try to reccncile these
two difforaent patterns of reproduction in turms of the differencus in environ-
mental factors. Why, for instance, should low altitude animals enter quieacence
in March while cxisting in a habitat rich in food, shelter and of finec weather
conditions, while vhose animals above 10,000 fuet should remain in full capacity
at tempcraturcs averaging around 12° F,, with no new plant growth and poor
shulter being floodad freguently by melting snrow?

A cursory study of endocrino glands during April and May showsd
large thymus glands and fairly large: adrenale in the quiescent low altitude
animals indicative of secretion of few cortical steroids and hence of little
physiological stress. The animals on White Mountain; however, show.d much
smaller thymus and adrenal glands indicative of a higher sacretion of cortical
steroids and probably a more sustained condition of stress. The stress as
experienced normlly on White Mountain is not sufficient to suppress rs-
productive development == at least during these months. The answer to
quicscence of Bishop animals may lie in tho pituitary with effucts reflected
in gonadotropic hormones but not in rortical steroids.

The advent of high littering in Bishop during Fsbruary boosted tho
population density considerably such that in April, young taken in trape
equaled the number of adults. This density is much groater than any local
arsa found on White Mountain above 10,000 feet. It would seem that there
might b: some casual relationship between the condition of the reproductive
organs and the population density of that area. Factors of stress may still
be important in contributing to the quiescent state under very severe envir-
onmantal conditions but certainly is not the whole answer to seasonal breeding.

Data accumulated incidental to othor cxperimenis also tend to support
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the hypotheses that & high population density inhibits reproduction. Two
types of cages were bullt so that marked animals could be transposed from

one site to anothcr and kept under observation with contxol animals trapped
locally kept ir other similar cages. Two large 3 x 6 foot cages were placed
at cach principal site and made to conform as nearly as possible with natural
habitat conditions. Each cage was stocked with 18 animels. Although all
animals wors in full breeding condition when introduccud in August, 1952, all
wont out of breeding condition in a fow wueeks, contrary to the state of the
wild aainals living Just outside the cagus. A number of smaller cagus con-
taining only one male and one femalc apiuce showed much closer conformity to
the wild populatione The numbers in two of tho smaller cages inercased to
five or mare during the winter while decimating factors reduced the numbers

in three of the larger cages %o a relatively low number. In February the
cages with a low populction came into breeding condition while those of higher
density showed only a slight improvement in reproductive development or none
al all. The numbers in the one large cage still carrying a full complement
were then reduced to 12; within two wouks 8 of the 12 had come into full re-
productive condition. It was interesting to note that in the smaller cages
the reproductive behavior of the animals corrcsponded closely with that of

the local wild population and not necessarily with that of the population from
which those animals had been originally takin. Whatever ths factors regulating
breeding, they seem to affect all members of the species alike regardless of

the area from which they were taken. The diffcrences noted in reproductive

perfarmance at the same time of the ysar between the different altitudes must

then be due to some physical factor of the enviromment or to soms factor

affeeting the animal phychologically.

A number of short term oxperiments were sot up from time to tims to
test as many of these physical factors as possible. Temperature experiments
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were run using a refrigeratcr and & hoated box, photoperiod experiments were
tried subjceting the animals to different light conditions, and food cryperiments
were run trying wide varieties and combinations of food. None of thess showed
any gignificant correlation with breeding performance which might answer the
situation mat in the field. Reaults of the photoperiod experiments indicate,
however, that light does have scame effect and that under a number of adverse
conditions as is usually met in late fsli, the added effect of short days may
be sufficient to put the animal into reproductive quieacence. This same shert
photoperiod sxperienced under more favorable enviroamental conditions might

not be sufficient to lower the animal below the threshold point.

Another experiment was set up in March using a number of small out-
door cages. Each of the 8 cages represented a different combination of number
of animals and number of each sex. About half of these were in full breeding
condition when entered while the rest were quiescent. Any affect of populcrtion
density or sex ratio on reprodustion should be seen in results of this experi-
ments No pronounced affect took place in any cage for two monthz &t which
time the quiescent animals approached full breeding stetuss Litters occurred
only in cages provided with no more then two males regardless of the number of
females in the cage. All animals under a=xperimentation have shown remarkable
conformity in physiological responsge when subjucted to similar conditions;
individual breeding records, however, show considersbly more variations Fcr
this ruescn much more smphasis is placad on the condition of the gonads in
interprating experiments and observations than on any breeding record. To a
large extont this eliminstes the proble.s introduced by cccentric individuals
who conforwm physiologically with the rest but have varying interests in the

opposite sex.
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